The objective of this study was to determine the damage levels caused by Orthezia praelonga Douglas, 1891 and Leucoptera coffeella (Guérin-Mèneville 1842), on rangpur lime and Obatã coffee leaves, respectively. Measurements were based on a new concept for the evaluation of the following plant physiological parameters: photosynthesis, stomatal conductance, leaf temperature and transpiration, and internal concentration of CO 2 (by infrared analyzer). A negative correlation between infestation level and photosynthesis was found, where the negative inflexion point of the curve was considered as a reference for damage levels. The control level for O. praelonga is below the 7-13% limit for damaged leaf area (40 to 70 scales per leaf), while for L. coffeella it is below the 26-36% limit for the same variable. Photosynthesis provided the best correlation for this type of analysis.
INTRODUCTION
Integrated Pest Management (IPM) programs are based on a decision-making process for the use of isolated or harmoniously associated control measures. The process depends on cost-benefi t analyses that include the interests of, and impact on farmers, society, and the environment (economic, ecological, and social factors) (Kogan 1978) . IPM relies on pest identifi cation, knowledge of natural enemies that are responsible for the ecosystem's natural mortality, and pest sampling to determine the appropri-the chewing coffee leaf-miner Leucoptera coffeella (Guérin-Mèneville 1842) , and the piercing-sucking scale Orthezia praelonga Douglas, 1891. The variables studied were photosynthesis, stomatal conductance, leaf transpiration, internal concentration of CO 2 , and leaf temperature. L. coffeella is the most important pest in coffee plantations; it is also the most widely spread in the world, causing economic yield losses in the order of 50% (Reis and Souza 1996) . The neotropical O. praelonga has become one of the most important citrus pests in Brazil in the past few years (Cassino et al. 1993 , Yamamoto et al. 2004 , and sometimes causes important losses in citrus groves.
Therefore, this study presents a new concept for the estimation of insect damage on coffee plantations and citrus groves by analyzing changes in plant physiological processes caused by insects, at different infestation levels.
MATERIALS AND METHODS
Specimens of the species O. praelonga (scale) and L. coffeella (coffee leaf-miner) were collected regularly from the experimental fi eld at Escola Superior de Agricultura Luiz de Queiroz (ESALQ/USP), in Piracicaba, SP. Stock colonies were kept for as long as the experiment lasted.
Citrus leaves infested with female, male, young, and adult O. praelonga individuals were placed on Croton sp. plants for feeding and reproduction. Plants were kept in a greenhouse equipped with pad-fans, at 27 • C ± 3 • C and natural relative humidity and photoperiod. Rangpur lime (Citrus limonia) Osbeck leaves were infested inside seedling plastic tubes (3.5 cm diameter × 12.5 cm length) by juxtaposition with croton leaves containing insects or by direct contact between the lime seedling and the host plant for 24 to 48 hours.
Coffee leaves infested with coffee leaf-miners were collected in the fi eld and placed into plastic boxes. To block light, each box was lined with paper bags and kept closed with a lid. Assay tubes were attached to the lids, to collect adults flying toward luminosity. All boxes were kept in the laboratory at 26 • C ± 1.5 • C, 60 ± 10% relative humidity (RH), and 14-hour photophase. Adults emerging from the leaves were monitored daily and transferred to a rectangular acrylic cage (90 cm length × 54 cm greater height and 36 cm smaller height × 44 cm width), with a voile bottom and a glass cover. Adults were fed pure honey placed as thin streaks on the cage walls and top. Varying numbers of coffee (cultivar Obatã) seedlings were grown in plastic tubes (4.6 cm diameter × 14.0 cm length) and used as oviposition substrate for 1 to 4 days.
The infected plants were transferred to a greenhouse equipped with a pad-fan, at a temperature ranging from 26 • C to 28 • C, 70 to 75% RH, and natural photoperiod. Next, some seedlings were inspected and leaves containing pupae were placed in plastic boxes (26 cm long × 8 cm high × 14 cm wide) with a voile-covered orifi ce on the lid. These leaves were kept in incubators at controlled temperatures (20, 22, 25, 28, and 30 • C) to obtain the adult insects needed for colony renewal. This rearing system supplied all insects required for the research. Leaf damage levels (in coffee leaves) were obtained by the variables: number of larvae per leaf (eggs maintained or removed from leaves before larval hatching) and infestation time (insect larval development), where older larvae ingested more tissue and consequently caused more extensive damaged areas.
Totally expanded leaves from the middle third of rangpur lime plants showing different damage levels (0 to 100%) caused by O. praelonga were measured for maximum photosynthesis. At least 200 readings were taken to evaluate gas exchange by using a portable Infrared Gas Analyzer device (IRGA LI-6400, LI-COR , Nebraska/USA), at a flux density of 600 mol photons m −2 s −1 in a chamber with an area of 6 cm 2 and artifi cial light, where the leaf to be analyzed was introduced. A CO 2 and relative humidity sensor, a reference thermopair, and a second thermopair touching the leaf's lower surface were placed inside the chamber (Long and Häll-gren 1993) . CO 2 concentration (± 38 mmol mol −1 ) was generated by directly injecting carbon dioxide through a pressurized cylinder and hose with proper connectors, at a constant pressure of 14 kgf.cm −2 , and a coeffi cient of variation (CV) of the air inside the chamber always smaller than 1%.
The stomatal conductance, leaf transpiration, CO 2 internal concentration, and leaf temperature variables were measured concurrently with photosynthesis by appropriate sensors installed within the leaf chamber. The damaged leaf area was measured using a Delta T Digital Imaging Analyzer device and determined by comparing healthy and necrotic tissues against the total area (6 cm 2 ) by using image color contrast (Webb and Jenkins 2000) . Each treatment was compared with the control, i.e., a healthy plant kept under similar temperature, light, and humidity conditions. To ensure complete stomatal opening, a flow of air enriched with water vapor at 1.5 kPa (Bernacchi et al. 2001 ) and constant temperature was injected into the chamber through a dew point generator (LI-610, LI-COR, Nebraska/ USA), both for citrus and coffee leaves.
Similarly as for citrus leaves, Obatã coffee leaves from the second and third internodes from the tip down were used because, although young, these leaves are physiologically mature and totally expanded, photosynthetically more active, and preferred by coffee leaf-miners (Parra 1985) . The leaves damaged by the coffee leaf-miner were obtained in the laboratory and used for measuring photosynthesis, stomatal conductance, leaf transpiration, CO 2 internal concentration, and leaf temperature, and were damaged from 0 to 100%. The maximum net photosynthesis expressed as carbon dioxide assimilation was measured under saturating light and CO 2 at 35 • C, and automatically controlled by the device at a flux density of 1200 mol photons m −2 s −1 . Damaged leaf area levels were obtained by separating the leaves according to the amount of tissue area consumed by the larvae and to the variation in number of larvae per leaf.
For both experiments (O. praelonga infesting citrus and L. coffeella infesting coffee), the photosynthesis results obtained at each damaged site were submitted to analysis of variance and a means comparison analysis by Tukey test at 5% probability. Statistically similar values were grouped into four damaged leaf area intervals for O. praelonga infestation in rangpur lime leaves: 0 to 6%, 7 to 13%, 14 to 40%, and >40% (Figure 1 ). For L. coffeella lesions in coffee plant leaves, three intervals were defi ned: 0 to 25%, 26 to 36%, and >37% ( Figure 2 ). These intervals were considered as references for all other plant physiological variables. For O. praelonga infestation in rangpur lime leaves, the number of insects was counted by hand; the insects were removed with a stylet and counts were made for the lower and upper limits of the damaged leaf area as described above: 0 to 6%: 0-35 insects per leaf; 7 to 13%: 40-70 insects per leaf; 14 to 40%: 80-220 insects per leaf, and >40%: more than 220 insects per leaf, approximately.
RESULTS AND DISCUSSION

PHOTOSYNTHESIS
The effect of O. praelonga on the photosynthesis of rangpur lime leaves and the effect of L. coffeella on Obatã coffee leaves resulted in non-linear negative correlations between infestation (number of scales per leaf or damaged leaf tissue) and net photosynthesis (Bastiaans 1991); therefore, the bigger the lesion the lower the relative photosynthesis (Figures 3A and 3C) . Absolute photosynthesis (net photosynthesis) values for rangpur lime were approximately 4 µmol CO 2 m −2 s −1 . Although within the accepted standards for citrus cultivars (Kriedmann 1971) , this value is considered low for other tree species. In coffee plants, the net photosynthesis value of 4.28 µmol CO 2 m −2 s −1 is accepted as standard for this and other coffee cultivars such as Icatu and Acaiá (N. de Souza, unpublished data) . When the mean photosynthesis values were not statistically different, the damaged leaf area intervals were grouped together. Four damaged leaf area intervals were established for O. praelonga ( Figure 3B ): 0 to 6% (0-35 scales per leaf); 7 to 13% (40-70); 14 to 40% (80-220) and >40% (>220). The carbon dioxide assimilation values for rangpur lime leaves (0 to 6% infestation) did not differ, with a mean relative photosynthesis value of 97%. As infestation increased (7-13%), an abrupt decrease in relative photosynthesis reached mean values of approximately 65%; for severely damaged areas (between 14 and 40% damaged area), the mean relative photosynthesis was 28%, reaching values close to 4% when more than 40% of the leaf area was damaged.
Based on these data, the negative inflexion point of the curve was considered as the damage level. At that point, a small increase in damaged leaf area resulted in great CO 2 assimilation loss. In practice, the value was between 7 and 13% of damaged leaf area, which indicates that the control level for the pest is below the values found in the experiment. For easier interpretation of results, the hand counting of scales at the lower and upper limits within this range revealed that at 7% infestation there were about 40 new scales per leaf, and at 13% there were approximately 70. Therefore, the control level was below the infestation value of 40 scales per leaf.
Similarly, the analysis of mean CO 2 assimilation for L. coffeella infesting Obatã coffee leaves allowed us to group means that did not show differences among themselves into three damaged leaf area intervals: 0-25%, 26-36%, and 37-100% (Figure 3D ). In this case, the mean values for relative photosynthesis were 87% in the 0-25% damaged leaf area interval, 55% in the 26-36% interval, and 18% in the 37-100% interval. According to these data, the damage level for that physiological variable falls within the 26 to 36% range, and the control level is below it.
The methodology used herein does not allow all hypotheses leading to photosynthesis reductions to be tested (Bailiss 1970, Gordon and Duniway 1982 , Sziráki et al. 1984 , Scholes et al. 1994 , Scholes and Rolfe 1995 , Madeira and Clark 1995 , Abo-Fouls et al. 1996 , Stangarlin and Pascholati 2000 . However, some hypotheses concerning O. praelonga infestation on rangpur lime can be excluded. For example, the hypothesis according to which photosynthesis decreased due to carbohydrate accumulation and consequent retroinhibition (Scholes et al. 1994 ) can be eliminated, since the scales continuously suck plant sap, thus preventing the leaves from storing carbohydrates. Honeydew is always observed, and is often discharged in large quantities by the insect. The leaves did not show any changes in shape (Madeira and Clark 1995) three intervals (C and D). Treatments followed by the same letter do not differ by Tukey test, at 5% probability.
of the photosynthetically active photon flux probably caused stress and damage to the photosystem II (PS II). A similar situation can be observed for the coffee leaf-miner.
Nonetheless, we cannot ignore the possibility that the chemical compounds in the insect saliva or in other " mine" agents affect the apparently healthy (not lesioned) tissues (Goodman et al. 1986 , Bastiaans 1991 , Scholes 1992 , Leite and Pascholati 1995 , Agrios 1997 , Lucas 1998 , changing the tissue's photosynthetic effi ciency. PS II physiological changes by means of the destruction or inactivation of the pigment responsible for light capture would hinder the biochemical phase of photosynthesis (PS I); without the inductive amplifi cation of the captured light there are no free electrons to conduct the biochemical step of photosynthesis (Taiz and Zeiger 2004) .
The deleterious action of the pest (phytotoxemy) can affect electron transportation in the chloroplasts of the remaining tissue due to the lower absorption of received photons (Pons and Bergkotte 1996) . This comes as a result of changes in the photosynthetic system because of the destruction of the photosynthesizing tissue, probably due to lesions or metabolic changes in the remaining green area of diseased leaves (including changes in CO 2 absorption rate), pigment content, and enzymatic activity during Calvin's cycle (Stangarlin and Pascholati 2000) , as a direct consequence of selfinjected toxic substances or by toxic components from other organisms in the gallery.
Leaves normally have a number of chloroplasts and photosynthetic pigments (chlorophyll a, chlorophyll b, carotene, and xanthophyll) much beyond the necessary, so that they are able to change orientation or chloroplast exposure to compensate for ineffective light reception throughout the day. This situation supports the hypothesis that production depends on the remaining healthy portion of the leaf and not on infested area (Monteith and Elston 1983, Squire 1990 ). As such, the plant would cause chloroplasts and pigments to move (cyclosis) towards the remaining green area of the leaves, to compensate for insect-covered (destroyed) areas. The result is a signifi cant increase in the activity of the photochemical step (PS II) in the healthy tissue, producing ATP and NADPH in large quantities and freeing strong oxidants, which can lead to tissue physiological damage. Therefore, this would be an indirect damage caused by the pest. In this case, an increase in chlorophyll fluorescence is normally observed, and leads to higher leaf temperature and membrane fluidity changes.
STOMATAL CONDUCTANCE
Stomatal conductance seems to have a remote chance of undergoing the same process as photosynthesis with regard to the possibility of an excessive production of ATP and strong oxidants, with consequent photorespiration and an increase in leaf temperature and transpiration, leading to bigger stomatal opening or higher conductance. For O. praelonga found on rangpur lime leaves ( Figure  4A and B), the correlation between stomatal conductance and damage intensity was not signifi cant, and was also quite variable in plants with healthy leaves. The stomata usually maintain the internal partial CO 2 pressure constant in relation to the external pressure. CO 2 concentration is defi ned as the balance between CO 2 consumption (photosynthesis) and replacement (external flux, respiration, and photorespiration) (Ramos and Grace 1990) . The fi rst effect of stomatal closure is a decrease in mesophyll CO 2 and in net photosynthesis (Genty et al. 1987 , Cornic 1994 , in part due to a decrease in the synthesis of rubisco (Giménez et al. 1992 ) and in carboxylation activity and effi ciency (Martin and Ruiz-Torres 1992), or both (Plaut and Federman 1991, Faver et al. 1996) . However, stomatal conductance is not controlled by any factor alone, but by a complex interaction of several leaf internal and external factors (Medrano et al. 2002) . As previously described, these factors cannot be assessed by the methodology used here. According to our data, stomatal conductance decreased for severity values up to 40% of the lesioned leaf area. In larger damaged areas, stomatal conductance increases and can be more intense than in healthy leaves.
For the L. coffeella infestation of Obatã coffee leaves, stomatal conductance did not vary as a function of intensity of the lesioned leaf area. This physiological variable remained constant throughout the curve ( Figure 4C and D) , with values around 0.10 mol H 2 O m −2 s −1 . This can be partly explained as a result of the center of origin of coffee and its adaptation to several environments, such as the physiological adaptations that can reduce respiratory rate and maximize carbon intake (Kitajima 1994 , Ueda et al. 2000 , Boardman 1977 ).
LEAF TRANSPIRATION
Stomatal conductance interferes with plant photosynthetic capacity, or with the utilization of CO 2 entering the mesophyll, although these are not directly correlated (von Caemmerer et al. 2004 ). In addition, photosynthesis also occurs via CO 2 diffusion in the leaf mesophyll and via membrane fluidity, as it facilitates the passage of this gas (Angelocci 2000). However, stomatal conductance has a close relationship with leaf transpiration since water exits the leaf through the stomata.
This process was verifi ed in our research; although transpiration and damage intensity (lesioned leaf area) were not signifi cantly correlated and varied even in healthy leaves, leaf transpiration was always greater in those intervals where stomatal conductance was higher, with emphasis for O. praelonga on rangpur lime leaves ( Figure 5A and B) .
For L. coffeella on coffee leaves, there was no correlation between leaf transpiration and the extent to which leaf area was damaged. This was expected because of the plant's adaptive characteristics (Kitajima 1994 , Ueda et al. 2000 , Boardman 1977 ) and because stomatal conductance was constant. In this case, the values found were 1.0 to 1.1 mmol H 2 Om −2 s −1 (Figure 5C and D) . intervals, on Obatã coffee leaves (C and D). Treatments followed by the same letter do not differ by Tukey test, at 5% probability.
LEAF TEMPERATURE
Signifi cant physiological differences among leaf temperature values for the described intervals were not found for O.praelonga on rangpur lime. The lowest temperature was recorded among healthy plants (27.6 • C) and the highest (29.3 ± 1 • C) among plants with damaged leaf areas larger than 40% ( Figure 6A ). The optimum temperatures for CO 2 assimilation in some citrus species are between 15 and 20 • C in dry environments, with a high vapor pressure defi cit (low relative humidity) and between 20 and 30 • C in environments where the relative humidity is above 80%. However, temperature can vary by ± 3 • C, depending on citrus variety or species, and on the humidity saturation of the environment and the decrease in vapor pressure differential (Kriedmann 1968) , as in our study. Therefore, leaf temperature could hardly affect CO 2 assimilation in a physiological manner.
A correlation between the extent of damaged leaf area and leaf temperature was not found for L. coffeella on coffee leaves. Leaf temperature remained constant at mean values of 34 ± 0.25 • C ( Figure 6B ). This steady behavior was possible because coffee leaves have thick cell walls in the epidermal and hypodermal tissues, which act as fi lters that are capable of changing direct radiation into diffuse light, thus minimizing the intense radiation effect (Larcher 2000) . Such fi lters can help maintain constant leaf temperatures and transpiration, since higher radiation leads to higher leaf temperatures (Kumar and Tieszen 1980 served; however, carbon dioxide assimilation was higher for the fi rst interval (0 to 6% damaged leaf area), revealing the integrity of the photosynthetic process. At the opposite extreme of the curve, in leaves with more than 40% damage, transpiration was always high and photosynthetic rate dropped (to negative values in some cases), in spite of complete stomatal opening and of steady mean temperature levels and internal CO 2 concentrations (Figure 7A) . A decrease in instant rubisco carboxylation effi ciency (photosynthesis/internal CO 2 concentration ratio) was probably due to a combination of ribulose content and a reduction in the quantity or activity of the carboxylation enzyme (Correia et al. 1999) , and to a decrease in the intrinsic water use effi ciency due to irradiance (photosynthesis/stomatal conductance relation) (Carelli et al. 1999 ).
The action of O. praelonga on PSI (Photosystem I -biochemical phase) was undefi ned. One of the possibilities for this was a higher oxygenation in detriment of rubisco carboxylation, or multiple or isolated deleterious effects on several biochemical aspects of the system, such as the inactivation of enzymes due to changes in pH or toxic components, changes in ribulose regeneration rate, or a decrease in rubisco activity (O'Toole et al. 1977) . Therefore, further experiments on this aspect should be conducted.
As previously mentioned, coffee is well adapted to several environments. As a result of the lack of variation in stomatal conductance and leaf transpiration in the curve, the internal concentration of CO 2 was not correlated with damaged leaf area and was maintained at mean values of 337 ± 3.5 ppm CO 2 ( Figure 7B ). The internal concentration of CO 2 increased slightly (although not signifi cantly) in leaves with more than 80% damage. In this case, the epidermis and/or hypodermis were probably broken as a consequence of necrotic leaf tissue. Those ruptured sites might constitute entry points for the gas that was kept under pressure within the experiment chamber passively, but then could not be prevented or controlled.
Even when the internal concentration of CO 2 was kept constant, L. coffeella affected photosynthesis by promoting a non-linear decrease of this parameter in relation to damaged leaf area. This area was probably smaller in apparently healthy but physiologically compromised tissues (Bastiaans 1991), due to a combination of ribulose content and lower quantity or activity of the carboxylating enzyme (Correia et al. 1999) . The mathematical relations used to calculate instant rubisco carboxylation effi ciency (photosynthesis/internal CO 2 concentration ratio) and intrinsic water use effi ciency as a function of irradiance (photosynthesis/stomatal conductance relation) (Carelli et al. 1999) show decreases in both relations. However, it is important that when the chewing insect ingests the palisade parenchyma of the leaves (Cárdenas Murillo and Orozco Castaño 1983), it promotes a destruction of the antenna pigment (responsible for capturing the light) in the photosynthetic apparatus, and ingests other enzymes related to the photosynthetic mechanism. This constitutes the greatest damage caused by the insect to the photosynthesis process, that is, the inactivation of the photochemical step of photosynthesis. A yellowish halo is formed around the necrotic area; these adjacent tissues are also affected by toxic metabolites from the insect's saliva or feces, which may affect, for example, electron transposition from PS II to PS I, considering that these reaction centers are spatially separated inside the chloroplasts and affect the biochemical step of photosynthesis (Taiz and Zeiger 2004) .
The results obtained for the various physiological variables allow us to conclude that the control level for O. praelonga is below the 7-13% damaged leaf area range in rangpur lime. An adequate control level must be determined in keeping with the ecological conditions that affect the pest (temperature and humidity, among others) as well as with the economic conditions for a particular year (such as market price). Hence, when orange market prices are low, pest control should be undertaken when infestation is close to 13% of the damaged leaf area. When prices are attractive to producers, they may want to control pests at a lower infestation level (< 7%).
From an ecological point of view, considering that the insect develops better in cooler and drier environments (Prates and Pinto 1987) and can withstand important climatic variations (Puzzi and Camargo 1963) , the pest can be controlled when less than 7% of the leaf area are infested, in orchards located under such ideal conditions. On the other hand, pest populations in orchards located in regions with high humidity and temperature can be controlled by natural enemies (Gomes 1954); in this case, the pest would be less harmful.
O. praelonga control requires a sampling plan similar to the plans developed for the coffee leafminer (J.R.P. Parra, unpublished data) and the caterpillar Anticarsia gemmatalis Hubner 1818 (Lepidoptera: Noctuidae) in soybean (Moscardi 1983) , including a) number and location of samples per plot and walking paths to collect them; b) number of leaves sampled per plant; c) distribution of sampled leaves within the tree canopy (basal, middle, or upper third). Considerations about leaf distribution are important because each tree part contributes differently toward CO 2 assimilation and distribution of assimilates (Miele 1989 , Proietti et al. 2000 and also because of their important temporal and spatial variations when using plant reserves; d) the geopositioning of plants and leaves in relation to light (more in the shade or in the sun); e) qualitative and quantitative knowledge about natural enemies that can control pest populations.
It is also necessary to adopt management techniques that will maintain the agroecosystem's natural balance, considering that the suppression of natural enemies leads to grove reinfestation by the scale and to the occurrence of new pests if control is inadequate.
Still another relevant aspect of pest control is the occurrence of the fungus Capnodium sp., also known as sooty mold, which develops on the sugary material (honeydew) exuded by the scale (Gomes 1954) . The fungus itself is not pathogenic to plants, but affects photosynthesis and plant transpiration as it covers the leaves (Guirado et al. 2001) . As a rule, producers rely on the occurrence of this fungus to adopt control measures; in most cases, however, the fungus occurs only when the pest population is already high and colonies have been established, with infestation levels often higher than 20% of the damaged leaf area (Silva-Filho et al. 2004) . Therefore, farmers must be aware that sampling should be carried out when the pest fi rst occurs and not the fungus, for better control results.
The control level for coffee leaf-miners is below the 26-36% range of damaged leaf area. The same sampling techniques used for O. praelonga must be used for L. coffeella. Sample leaves must be young but mature and completely expanded, and preferably taken from the upper third of the tree canopy, starting at the second and third internodes from the apex. Also to be taken into account is the fact that damages caused by pests during a dry period are less important than during the rainy season (Parra 1985) . Therefore, the lowest values (26%) should be considered as control levels during the rainy season, while the highest values (36%) should be used during the dry season.
Still another factor to be considered is that in our study, photosynthesis and other plant physiological variables were measured in the laboratory, specifi cally for rangpur lime (Citrus limonia L.) and O. praelonga infestations, and for Obatã coffee seedlings and L. coffeella. Therefore, in order to validate the model presented in our study, further measurements are required in citrus, in cultivars with the scion grafted onto rangpur lime rootstock. The unexpected progression of the citrus sudden death disease on plants of the same rootstock used in our study, and the necessary replacement of scions used with others that are not susceptible to the disease, require studies on the interaction of the pest with other selected scions. The same recommendation applies to coffee plants, given that photosynthetic effi ciency depends on plant chlorophyll content (Engel and Poggiani 1991) , and that several studies have shown that such content varies as much among species as among genotypes of the same species (Lee 1988) .
Among all variables studied, photosynthesis was the most adequate to determine damage correlations between piercing-sucking and chewing insects, and can be considered as a new parameter to be included in Integrated Pest Management programs (IPM) to identify pest damage or control level. 
